The relatively high level of palmitic acid (22 mol%) in cotton seeds may be due in part to a palmitoyl-acyl carrier protein (ACP) thioesterase (PATE), which prefers C16:0-ACP as its substrate. In embryo extracts, PATE activity was highest at the maximum rate of reserve accumulation (oil and protein), occurring about 30-35 d post anthesis. Thioesterase activity toward oleoyl-ACP was relatively similar at all developmental stages examined, but was considerably lower than the PATE activity. In developing seeds and in cotyledons and hypocotyls of seedlings, the PATE activity predominated. A cotton PATE cDNA clone isolated by screening a cDNA library with a heterologous Arabidopsis FatBl probe has a 1.7-kb insert sequence with an open reading frame of 410 amino acids, lacking codons for the three N-terminal amino acids. The predicted amino acid sequence of the cotton PATE preprotein has a characteristic stromal-targeting domain and a 63% identity to the Arabidopsis long-chain acyl ACP-thioesterase FatBl sequence. Alkaline blot hybridization of cotton genomic DNA with the Arabidopsis FatBl probe suggested the presence of at least two FatBl thioesterase genes in cotton. Relative cotton FatBl transcript abundance was compared by RT-PCR and slot blot analysis in total RNA extracts from embryos, seedlings and leaves of mature plants. The cotton FatBl mRNA apparently was expressed in all tissues but paralleled the profiles of PATE enzyme activity and seed oil accumulation in embryos.
Higher plants synthesize fatty acids de novo in the stromal compartment of plastids with a type II, fully dissociable fatty acid synthase complex (Ohlrogge and Browse 1995 , Harwood 1996 , Kinney 1997 , Ohlrogge and Jaworski 1997 . Acyl chains esterified to an acyl carrier protein (ACP) undergo chain elongation by the sequential addition of two-carbon units from malonyl-ACP. Hydrolysis of the acyl-ACP thioester bond by an acyl-ACP thioesterase enzyme terminates acyl chain elongation. The plant acyl-ACP thioesterases are usually categorized by the preferences exhibited for their acyl-ACP substrates, specified by the degree of saturation and chain length of the acyl group (Voelker 1996) . Jones et al. (1995) originally classified the occurrence of two different types of thioesterases, designated as Fat A and FatB, with substrate preferences for unsaturated or saturated acyl-ACPs , respectively.
FatB cDNAs encoding thioesterases have been characterized with substrate preferences for: short-chain C8-C10 acyl-ACPs, such as the Cuphea palustris FatBl thioesterase (Dehesh et al. 1996) or elm Fat B thioesterase (Voelker et al. 1997) ; for medium-chain C12-C14 acylACPs, such as the California bay tree thioesterase (Voelker et al. 1992) , the Cuphea palustris FatB2 thioesterase (Dehesh et al. 1996) , or the nutmeg FatB thioesterase (Voelker et al. 1997) ; and for long-chain C16-C18 acyl-ACPs, such as the Arabidopsis FatBl thioesterase (Dormann et al. 1995) or the Cuphea hookeriana Fat B thioesterase (Jones et al. 1995) . Consequently, the complement of thioesterase enzymes expressed in developing oilseeds determines to a great extent the available pool of fatty acids that can be incorporated into TAGs. Efforts in altering seed oil profiles have been successful by altering the expression of acyl-ACP thioesterases, and have led to the commercial production of several modified seed oils, such as highlaurate canola and high-oleate soybean oils (reviewed by Voelker 1996 , DelVecchio 1996 , Kinney 1997 ).
Our long-term goal is to alter the fatty acid composition of cottonseed oil. As an initial step, we have isolated and characterized a cotton FatBl cDNA clone for a palmitoyl-ACP thioesterase. Moreover, we have begun the characterization of the thioesterase enzyme activity and its expression in developing cottonseeds and in other cotton organs. Altogether, our results provide convincing evidence that a FatBl acyl-ACP thioesterase activity is present in cotton and is probably responsible for the high level of palmitic acid incorporated into cottonseed oil.
Materials and Methods
Library screening and isolation of thioesterase cDNA clone -A cotton cDNA library generated from cotyledon mRNA of 48-h dark-grown cotton seedlings {Gossypium hirsutum cv. Deltapine 62) and harbored in the Stratagene UniZAP lambda vector was kindly provided by Dr. R.N. Trelease of Arizona State University (Ni and Trelease 1991) . An Arabidopsis thaliana cDNA clone designated TE 3-2 encoding a long-chain acyl-ACP thioesterase was generously provided by Dr. John Ohlrogge of Michigan State University (Dormann et al. 1995) . A 1.4-kb Sall/EcoRV restriction fragment was isolated from the 5'-region of the Arabidoposis TE 3-2 clone and used to generate 32 P-labeled DNA fragments by the random priming procedure of Feinberg and Vogelstein (1983) for use as hybridization probe. Approximately 380,000 plaques of the cotton cDNA library were screened by the plaque hybridization procedure of Benton and Davis (1977) using as host Escherichia coli XLl-Blue MRF'. Prehybridization of the positively-charged nylon filter (Hybond-N + , Amersham) replicas was done at 55°C in a solution consisting of 6 x SSC (1 x SSC is 150 mM sodium chloride and 15 mM sodium citrate, pH 7.0), 0.5% SDS, 10 x Denhardt's reagent, and denatured sheared salmon sperm DNA (100 ^g ml" 1 ) for 4h. Hybridization was done overnight in a solution of 6xSSC, 0.5% SDS, 5 x Denhardt's reagent, 20 mM Tris-HCl (pH 8.0), 2 mM Na 2 EDTA (pH 7.5), 2.5 mM Na pyrophosphate (pH 8.0), denatured sheared salmon sperm DNA (100//g ml" 1 ), and 32 Plabeled probe (Anderson and Young 1985 , Ausubel et al. 1987 , Sambrook et al. 1989 . Immediately after hybridization, the filters were rinsed once at room temperature with 2 x SSC. Subsequently, the filters were washed three times at 55°C (once with 2x SSC and 0.1% SDS for 30 min. and twice with 1 x SSC and 0.1% SDS for 30 min).
Several plaques that exhibited positive signals with DNA fragments derived from the heterologous Arabidopsis TE 3-2 probe were subjected to successive rounds of plaque purification. A pBluescript SK(-) phagemid derivative designated SKCPcll5b containing a 1.7-kb cotton cDNA insert was excised in vivo using Stratagene ExAssist Interference-Resistant helper phage and the SOLR strain (Stratagene) of Escherichia coli as host for excision plating with the manufacturer's protocols. The SKCPcll5b plasmid DNA was isolated and purified by HPLC (Sambrook et al. 1989, Merion and Warren 1989) .
DNA sequence analysis-Both strands of the 1,694-bp insert of the SKCPcll5b DNA were sequenced using a primer-based approach, with synthetic oligonucleotide primers from Biosynthesis, Inc. (Lewisville, TX). The intact SKCPcl 15b plasmid DNA was used as the template DNA for sequencing with either [a-35 S]dCTP (Tabor and Richardson 1987) and T7 Sequenase 2.0 (Amersham) or terminator cycle sequencing (Fan et al. 1996) with ThermoSequenase (Amersham) and [a-
33 P]-labeled dideoxynucleoside triphosphates (Amersham). Analysis of the DNA sequence was done with DNASIS software from Hitachi.
Plant material-Cotton (Gossypium hirsutum L., cv. Paymaster HS26) plants were grown in the greenhouse under conditions previously described (Chapman and Sprinkle 1996) . Developing bolls were collected at specific days post anthesis (20-50 dpa) from plants with flowers tagged at anthesis. The embryos were excised from ovules and frozen in liquid nitrogen and stored at -80°C for RNA, protein, and lipid extractions and analyses.
Cotyledons, hypocotyls, and roots were collected from seedlings germinated at 30°C and grown in the dark for 48 h. Young leaves of mature plants were harvested immediately before RNA or DNA isolation. Seeds were a gift from Dr. John J. Burke (USDA-ARS, Lubbock).
Southern blot analysis-Cotton genomic DNA was isolated from nuclei of young leaves according to Paterson et al. (1993) . The DNA (15 n%) was digested with 10 units of EcoKl or HindlU (Promega) for several h at 37°C. The genomic restriction fragments were resolved on 0.8% agarose gels and transferred by alkaline blotting (Reed and Mann 1985) to Zeta-probe nylon membrane (BioRad). Blots were hybridized at 60°C overnight in 5xSSC, 5% dextran sulfate, 0.5% SDS, denatured sheared salmon sperm DNA (100//g ml" 1 ), and nonradioactive DNA probe generated from the 1.4-kb Arabidopsis TE 3-2 Sail/ EcoRV fragment by random priming using the Gene Images system from Amersham. After a final rinse with 1 x SSC, the hybridizing fragments were visualized by chemiluminescence according to the manufacturer's protocol (Gene Images CDP-Star detection module, Amersham).
Reverse transcription-polymerase chain reaction (RT-PCR)
and slot blot hybridization-Total RNA was isolated from developing embryos, different organs of 2-day-old seedlings (cotyledon, hypocotyl, and root), and mature leaves using a modified, hot borate procedure described by Wan and Wilkins (1994) . The RNA yield and quality were evaluated spectrophotometrically and by analytical gel electrophoresis on a 1% agarose gel by the procedure of Wilkins and Smart (1996) . RNA concentrations were determined from absorbance readings and were adjusted accordingly, based on the relative intensities of the 18S and 28S rRNAs in each sample. Equivalent amounts of total RNA were used as templates with the Promega RT-PCR Access kit. Reverse transcription of total RNA (approximately 200 ng) from various organs of cotton plants and from embryos at different development stages were conducted in a Perkin Elmer 2400 thermal cycler. RT-PCR conditions were as follows: First-strand cDNA synthesis was carried out at 48°C for 45 min. Subsequent amplification of a targeted region within the PATE cDNA coding region was achieved through 35 cycles of 94°C for 30 s, 56°C for 1 min, and 68°C for 2 min followed by a final polymerization step at 68°C for 7 min. The PATE cDNA primers from Biosynthesis, Inc. for PCR amplification were 5 -GGGTGATGTTGTTCAA-GTCG-3' (forward) and 5'-TCAAGGATCCAGCC-3' (reverse), and used to amplify the appropriate fragment of 354 bp (shown by arrows in Fig. 1 ). Actin primers (5-TGCAGGTCGTGATCTA-ACCG-3' (forward) and 5'-CCTTGGAAATCCACATCTGC-3' (reverse)) were selected from the partial actin cDNA sequence (GenBank Accession D88414), and used to amplify a fragment of 539 bp. The PCR products were separated on 3% agarose gels and the bands visualized following ethidium bromide staining.
For RNA slot blot hybridization, 10 ^g of total RNA for each of the various tissues and developmental stages was denatured in formaldehyde prior to immobilization on a positively-charged membrane (Hybond-N + , Amersham) in a slot-blot manifold (Bio-Rad Bio-Dot SF) by the procedure described by Sagerstrdm and Sive (1996) . The slot-blot membranes were prehybridized for 3 h at 60°C in a solution containing 6 x SSC, 5 x Denhardt's solution, 0.5% SDS, and denatured salmon sperm DNA (100/ug ml" 1 ). Hybridization was done overnight at 60°C in a solution containing 6xSSC, 5 x Denhardt's solution, 0.5% SDS, 2 mM EDTA, 2.5 mM Na pyrophosphate (pH 8.0), 20 mM Tris-HCl (pH8.0), denatured salmon sperm DNA (100/igml" 1 ) and 32 Plabeled PATE or actin probe. The homologous PATE DNA fragments used as probe were derived from the cotton PATE cDNA insert as template by random priming. The homologous actin DNA fragments were generated by random priming using the 539-bp actin RT-PCR fragment described above as template. The appropriate sections of the slot-blot hybridization membranes were cut out and the 32 P dpm for all samples determined by liquid scintillation counting.
Preparation of cell free homogenates-The various cotton tissues were chopped manually with a single edge razor blade before homogenization. The tissues were homogenized in 1 : 1 (w/v) of 400 mM sucrose, 100 mM Na phosphate (pH 7.2), 10 mM KC1, 1 mM EDTA, and 1 mM MgCl 2 , in a glass vessel with a motorized teflon pestle. The homogenates were filtered through four layers of cheese cloth and the filtrates were immediately assayed for thioesterase activity.
Preparation of substrates-Acyl-ACPs were synthesized according to Post-Beittenmiller et al. (1991) . The 50 pi reaction mixtures for acyl-ACP synthesis contained 400 mM Tris (pH 8.0), 40 mM MgCl 2 , 1.6 M LiCl 2 , 100 mM ATP, 100 mM DTT, 0.3 mg ml"
1 ) from Dupont/NEN), and 4 units of E.coli acyl-ACP synthetase (Sigma). The reaction mixtures were incubated at 37°C for 3-6 h with gentle shaking (60 rpm). The reactions were stopped by a tenfold dilution into 50 mM MES, pH6.1. The acyl-ACPs were purified by bulk adsorption on DEAE-cellulose (Whatman DE52) equilibrated in 50 mM MES, pH6.1 (0.5 ml DEAE-cellulose slurry per 0.5 ml reaction mixture). The mixtures were centrifuged in a microcentrifuge at 16,000xj for 10 min. The supernatants were decanted and the pellets washed twice with 5-10 ml of a solution of 80% isopropanol and 20% 10 mM K phosphate, pH 6.0 and 100 mM NaCl and once with 50 mM MES, pH 6.1. The acyl-ACPs were eluted from the DEAE-cellulose with 100pi of 0.4 M LiCl and 50 mM MES, pH 6.1. The mixtures were centrifuged as before and the supernatants with the acyl-ACPs were transferred into fresh microcentrifuge tubes and stored at -20°C.
Thioesterase assays-Enzyme reactions were started by adding the [ 14 C]acyl-ACP to the cell-free homogenates. The mixtures were incubated at 37°C with gentle shaking (60 rpm), and the reactions were terminated after 30 min with the addition of an equal volume of isopropanol containing 1 mM oleic acid. The free fatty acids were extracted with petroleum ether saturated with 50% isopropanol. These samples were dried under nitrogen and then resuspended in 50 //I of chloroform. Radioactivity in half of the sample was quantified by counting in a Beckman LS Model 3801 Liquid Scintillation Counter. The remainder was analyzed by TLC and radiometric scanning (BioScan System 200) to confirm the release of [l-
Lipid analysis-Non-polar lipids were fractionated on TLC plates (Whatman silica gel G-60, 250 pm) for 45 min in hexane : diethylether (80/20, v/v) , and the relative amounts of triacylglycerols and free fatty acids in each sample were calculated by scanning densitometry (NIH Image, v. 6.1) in comparison with triolein and oleic acid standards (Chapman and Sprinkle 1996) . Free fatty acids were extracted from appropriate regions of separate TLC plates and transesterified (Christie 1982) for separation and quantification by gas chromatography on a Hewlett-Packard 5890 Series II Gas Chromatograph using conditions previously described (Chapman and Trelease 1991) .
Results
Isolation and DNA sequence analysis of a cotton palmitoyl-ACP thioesterase (FatBl) cDNA clone-The cDNA insert in the pBluescript SK(-) phagemid derivative designated pSKCPcll5b was determined to be 1,694-bp, and the deduced amino acid sequence is shown above the nucleotide sequence in Fig. 1 . The cDNA insert was found to be almost full-length, lacking nine nucleotides at the 5'-terminus of the presumptive open reading frame for the three N-terminal amino acids MVA (shown in parentheses in Fig. 1 ). This was confirmed from the DNA sequence of the corresponding region of a cotton genomic clone encompassing this PATE gene (unpublished results) and is consistent with the N-terminal amino acid sequences of other acyl-ACP thioesterases (shown in Fig. 2 ). The 3'-untranslated region of this cDNA clone is 461 bp long, with the likely poly(A) polymerase near-upstream (AATAAAlike) element (Hunt 1994) , being 5'-AATGAA-3' (nt 1685 to 1690 in Fig. 1 ), 19 bp upstream from the poly(A) cleavage/poly adenylation site at nt 1703. The presumptive cotton PATE preprotein is 413 amino acids in length, with typical stroma-targeting domains in the N-terminal region (Cline and Henry 1996) , denoted by underlining in Fig. 1 .
Alignment of deduced amino acid sequences for the plant acyl-ACP thioesterases in Fig. 2 indicates that there is a 63% identity between the cotton and Arabidopsis preproteins, a 54% identity between the cotton and Cuphea hookeriana preproteins, whereas there is only a 22% identity between the cotton and Brassica preproteins. Similar identities of about 60% occur between the predicted sequences among members of either the FatA or FatB types, whereas identities between members of the two groups are typically much less, being around 30% (Voelker 1996) . Based upon this sequence similarity, we conclude that this cotton cDNA encodes a member of the FatBl class of thioesterases.
Genomic blot hybridization analysis-Analysis of cotton genomic DNA by alkaline blot hybridization (shown in Fig. 3 ) revealed four hybridizing fragments following cleavage with either Hindlll or with EcoRl. The sizes of the Hindlll fragments were deduced to be 4.2 kb, 3.1 kb, 2.2 kb, and 1.6 kb, while the EcoRl fragments were determined to be 10.0 kb, 7.6 kb, 5.4 kb, and 4.0 kb. Since there are four different hybridizing genomic fragments under relatively stringent hybridization conditions (1 x SSC, 60°C) for two different restriction endonucleases, it is likely that there are several PATE genes in the allotetraploid cotton genome.
Tissue-specific expression and developmental studies -The palmitoyl-ACP and oleoyl-ACP thioesterase specific activities were compared in cell-free extracts of developing embryos, cotyledons, hypocotyls, roots of twoday-old seedlings, and leaves of mature plants (Fig. 4A ). KNGMRRDWLVSNSETGEILT  AAGAATGGCATGCGAAGAGATTGGCTTGTCAGCAATAGTGAAACTGGTGAAATTTTAACA  +720  RATSVWVMMNKLTRRLSKIP  CGAGCCACAAGTGTATGGGTGATGATGAATAAACTGACTAGAAGGTTATCTAAAATCCCA  +780  EEVRGEIEPFFMNSDPVLAE  GAAGAGGTTCGAGGGGAAATAGAACCTTTTTTTATGAATTCAGATCCTGTTCTGGCTGAG  +840  DSQKLVKLDDSTAEHVCKGL  GATAGCCAGAAACTAGTGAAACTCGATGACAGCACAGCTGAACACGTGTGCAAAGGTTTA  +900  TPKWS  DLDVNQHVNNVKYIG  ACTCCTAAATGGAGCGACTTGGATGTCAACCAGCATGTCAATAATGTGAAGTACATTGGC  +960  WILESAPLPILESHELSALT  TGGATCCTTGAGAGTGCTCCATTACCAATCTTGGAGAGTCACGAGCTTTCCGCCTTGACT +1020  LEYRRECGRDSVLQSLTTVS  CTGGAATATAGGAGGGAGTGCGGGAGGGACAGCGTGCTGCAGTCACTGACCACTGTGTCT +1080  DSNTENAVNVGEFNCQHLLR  GATTCCAATACGGAAAATGCAGTAAATGTTGGTGAATTTAATTGCCAACATTTGCTCCGA +1140  LDDGAEIVRGRTRWRPKHAK  CTCGACGATGGAGCTGAGATTGTGAGAGGCAGGACCCGATGGAGGCCTAAACATGCCAAA +1200  SSANMDQITAKRA  TER  AGTTCCGCTAACATGGATCAAATTACCGCAAAAAGGGCATAGAAATCCAAGTAATCTCAT +1260  TGCTGTGTGTAGTATCTATCGTGCTCTTTTCGGATTTATATACATATATTCCTTATGATT +1320  ATTAGTCTTCCTTTGAGAAAAAAAAAGGGGGTTGTAATTAGGCTTGTTTAGGAGTCGGGT +1380  TTTCGTACATAGCCTTGTAAGGCTCAGCTCGTATGACCCGAGCCTCGGACACGGATTTTG +1440  TGAAGTTGGGCCCGTGCCCTAACCAGCATAGGCTCTTTCCATGGAAAGGTGGGTCTGCTT +1500  TTGAAAAATTGAATAGCCATGTGAGATGGCTCTCTCCCTACATTATGGGCTTTTAACCAG +1560  TTAGAGACCGGGTAGTTTAGGATAAAATTTATCTTTAATTTGGGAGGATTTGTATATTTT +1620  TTTTGCCTTTATTTTAACCTAAATTTGCTTATAATTATTTGGTTTTATATTTAGGTATTG +1680 AATCAATGAAGTTTTTAAATTTT +1703 Fig. 1 The nucleotide and deduced amino acid sequences for the cotton PATE cDNA clone SKCPcl 15b. The nucleotide sequence has been assigned the GenBank Accession Number AF034266. The numbering on the right refers to nucleotide residues, whereas the numbering on the left denotes amino acid residues. As described in the text, the first nine nucleotides (shown in parentheses), corresponding to the three amino acids MVA at the N-terminus of the PATE preprotein were determined from the DNA sequence of the corresponding region of the PATE gene (unpublished results). The sequence corresponding to the presumptive poly(A) polymerase near-upstream element (nt 1685 to 1690) is underlined. The stromal-targeting domains (Cline and Henry 1996) of the PATE preprotein corresponding to the N-terminal region (MVATAVTSAFF, amino acids 1-11), the variable middle region (TSSPDSSDSKNKK-LGSIKSKPSVSSGS, residues 14-40), and the carboxy-proximal region (VKANA, residues 43-47) are denoted by underlining the respective amino acid domains. The putative transient peptide cleavage site is probably L84, when compared with other thioesterase preprotein sequences (Gavel and von Heijne 1990 , Dormann et al. 1995 , Cline and Henry 1996 . The catalytic cysteine required for formation of the covalent thiol enzyme intermediate and the histidine involved in general base catalysis in the plant acyl-ACP thioesterases (Yuan et al. 1996) would most likely correspond to the homologous residues C347 and H312 in the cotton amino acid PATE sequence. The two other conserved histidine residues (Yuan et al. 1996) would correspond to the homologous H167 and H377 residues above. The sequences used for designing the forward and reverse primers for RT-PCR are indicated by arrows.
GHRFATBl ARABPATE CUHFATB1 CPALFTB2 BRAPFTA1 oleoyl-ACP were comparable in seedling roots and mature leaves. The relative expression of cotton PATE determined by RT-PCR (Fig. 4B) indicates that PATE mRNA is present in all tissues, including 30 dpa embryos (E), cotyledons (C), hypocotyls (H), roots (R), and mature leaves (L). Although not quantitative, the 354-bp PATE RT-PCR product appears to be more abundant in embryos than in the other tissues examined. Both strands of this 354-bp cotton PATE RT-PCR fragment generated were sequenced to confirm that the fragment was indeed amplified from PATE mRNA. The 539-bp actin RT-PCR product serves as a positive control for the constitutive expression of a housekeeping mRNA in total RNA extracts. Despite the double band observed in the actin embryo (E) lane, there seems to be relatively equal amounts of total RNA template in each RT-PCR reaction. As shown in Fig. 4C , a similar pattern of expression was obtained with slot blots of total RNA probed with random-primed fragments derived from cotton PATE cDNA and the cotton actin RT-PCR fragment, with the PATE mRNA apparently being the most abundant in embryos ( 32 P dpm ratio of embryo PATE/actin of 1.1 relative to an average ratio of 0.23 for the others).
As shown in Fig. 5A , the developmental profile of The relative transcript abundance was evaluated by RT-PCR with 0.2 /ig total cotton RNA in each reaction for each tissue (E, 30 dpa embryo; C, cotyledon; H, hypocotyl; R, root; L, leaf) using the cotton PATE forward and reverse PCR primers (Fig. 1) and the cotton actin forward and reverse PCR primers. The major RT-PCR products of the predicted size for the PATE product of 354 bp and actin product of 539 bp were detected by ethidium bromide staining following electrophoresis in 3% agarose gels. (C) Slot-blot hybridization of 10/ig total cotton RNA in each reaction for each tissue (as in B above) with homologous 32 P-labeled cotton PATE and actin probes generated by random priming.
PATE specific activity (solid circles) indicates that thioesterase activity was highest at the stage of maximum oil (solid triangle) and protein (open squares) reserve accumulation. Free fatty acid content (open circles) in the embryo extracts also peaked during this stage. GC analysis of fatty acid methyl esters confirmed that the predominant free fatty acid was mostly palmitic acid (data not shown). Oleoyl-ACP thioesterase activity (solid squares) was con- (Fig. 1) and actin forward and reverse PCR primers. The expected PATE and actin RT-PCR products of 354 bp and 539 bp, respectively, were visualized with ethidium bromide staining following electrophoresis in 3% agarose gels. (C) Slot-blot hybridization of 10 n% total cotton RNA isolated from embryos at different stages postanthesis with homologous 32 P-labeled cotton PATE and actin probes generated by random priming.
siderably lower than PATE activity in embryo extracts and was similar at all developmental stages. A comparable profile of relative PATE mRNA abundance in developing embryos was demonstrated by RT-PCR (Fig. 5B) , suggesting that the developmental change in PATE activity was due to a change in PATE gene expression. The 539-bp actin RT-PCR product corresponds to a fragment amplified from constitutive cotton actin mRNA to help evaluate the amounts of total RNA template used in RT-PCR reactions. Similar results were obtained with slot blots of total RNA probed with random-primed DNA fragments derived from cotton PATE cDNA and the actin RT-PCR fragment (Fig. 5C) , with the relative PATE/actin 32 P dpm ratio being slightly higher for 28 dpa embryos (PATE/actin ratio of 0.56 relative to an average ratio of 0.42 for the others).
Discussion
Functional and structural differences occur between the plant FatA and FatB acyl-ACP thioesterase enzymes (Jones et al. 1995 , Voelker 1996 . On a functional basis, the FatA thioesterases have a substrate specificity especially for oleoyl-ACPs, whereas the FatB thioesterases exhibit a wider latitude of substrate specificities, albeit toward saturated acyl-ACPs, of different chain lengths. The FatB enzymes can be further subdivided into two groups. One group has a greater specificity for hydrolyzing short/medium-chain C8-C12 acyl-ACPs, similar to the acyl groups in endogenous seed oil TAGs in species like Cuphea and Lauraceae (California bay). The other group has a greater specificity for hydrolyzing long-chain C14-C18 acylACPs, especially palmitoyl-ACPs, with their gene expression probably occurring in all major plant tissues. On a structural basis, the predicted amino acid sequences of FatA and FatB thioesterase preproteins have three major sequence-length variations, as observed by Jones et al. (1995) and reviewed by Voelker (1996) , shown by the dashed-line gaps around residues 90, 290, and 390 in Figure  2 . Relative to the predicted amino acid sequences of the FatB preproteins, the FatA cDNAs encode preproteins lacking a hallmark Fat-class indicator domain of about 25 hydrophobic amino acids occurring in the FatB preproteins. From a comparison of the predicted mature polypeptide sequences of 34 thioesterases (devoid of the highly variable N-terminal stroma-targeting domains), Voelker (1996) generated a phylogenetic tree with two major branches separating the FatA and FatB sequences, most likely meaning that the FatA and FatB genes are paralogous from an ancient gene duplication, signifying that there are two conserved and distinct thioesterase classes in all plant species with different functional activities. Jones et al. (1995) isolated a FatB palmitoyl-ACP thioesterase cDNA from Cuphea hookerenia seeds that have TAGs with predominantly C8 and C10 acyl chains. This observation strongly supports the hypothesis that higher plant tissues contain both an oleoyl-ACP thioesterase activity and a less specific palmitoyl-ACP thioesterase activity. This is similar to an earlier suggestion by Browse and Somerville (1991) for the occurrence of a second plant acyl-ACP thioesterase other than the oleoyl-ACP thioesterase. Dormann et al. (1995) analyzed an Arabidopsis cDNA clone designated TE 3-2 encoding the first FatB long-chain acyl-ACP thioesterase, with highest activity towards palmitoyl-ACP when expressed in E. coli, but still with significant activities for other long-chain acyl-ACPs. They also analyzed another Arabidopsis cDNA clone designated TE 1-7 that appeared to encode the Arabidopsis Fat A oleoyl-ACP thioesterase, since it was 60% identical to other FatA oleoyl-ACP thioesterases. The clone TE 3-2 seems to encode an enzyme with a broader specificity for C14-C18-ACPs than the oleoyl-ACP thioesterase, and must encode the Arabidopsis FatB thioesterase, due to its functional activity profile, its constitutive expression in all plant tissues, and its maximal expression around 20-30 d after flowering, correlating well with TAG synthesis in seeds.
The putative 413-residue cotton PATE preprotein would indeed be a member of the FatB class, since it has greater identities with the 412-amino acid Arabidopsis and the 416-residue Cuphea hookeriana preproteins than with polypeptides of the FatA class, such as the predicted 362-amino acid Brassica rapa preprotein (Jones et al. 1995 ; GenBank accession U17098). The presumptive cotton PATE polypeptide has the three length variations seen in FatB thioesterases, including the hallmark hydrophobic stretch of N-terminal amino acids (residues 84-110 in Fig. 1, 2) , leading to the conclusion that this cotton cDNA clone does indeed encode a FatBl thioesterase preprotein. The likely transit peptide cleavage site for production of the mature cotton PATE protein would be L84 (shown in Fig. 1 ), when compared with other thioesterase preprotein sequences (Gavel and von Heijne 1990 , Dormann et al. 1995 , Cline and Henry 1996 . The conserved active-site catalytic cysteine required for formation of the covalent thioester enzyme intermediate and the histidine essential for general base catalysis in the plant acyl-ACP thioesterases (Yuan et al. 1996) likely correspond to the homologous residues C312 and H347 in the cotton PATE amino acid sequence. Two other conserved histidine residues also occur in the plant acyl-ACP thioesterases (Yuan et al. 1996) , and would correspond to the homologous H167 and H377 residues shown in Figure 1 .
There is only one EcoRl cleavage site (at residue 816) and no Hindlll cutting sites in the 1.7-kb cDNA sequence in Figure. 1. At least two EcoRl fragments and one Hindlll fragment from the cotton genomic DNA around the PATE gene would be detected by hybridization with fragments derived from the 1.4-kb Arabidopsis probe. As can be seen from the genomic blot in Figure 3 , there are four hybridizing EcoRl fragments, two of which must be derived from the PATE gene due to the position of the EcoRl cleavage and the extent of the region covered by the probe. It cannot be determined at this time which specific iscoRI-derived genomic fragments correspond to this cDNA clone, since size estimates of the genomic fragments cannot be made due to potential introns in the PATE genes. However, there must be at least two PATE genes in the cotton genome, and this conclusion is supported by the presence of four hybridizing Hindlll fragments.
Further evidence for the existence of a FatBl thioesterase in cotton with a substrate preference for palmitoyl-ACP is provided by the tissue and developmental profiles of thioesterase enzyme activity and the RT-PCR and slot-blot analyses of PATE mRNA levels (Fig. 4, 5) . As anticipated, the highest specific activity toward palmitoyl-ACP is in embryos, in which TAG synthesis is the greatest, while activity toward oleoyl-ACP is surprisingly eightfold less in embryos (Fig.4A) . In contrast, the activities towards both acyl-ACPs is least in mature leaves. The relative PATE transcript abundance, as detected by RT-PCR (Fig. 4B ) and slot-blot hybridization (Fig. 4C) appears to be more abundant in embryos than in hypocotyls, roots, cotyledons, or mature leaves. As shown in Figure 5 , the specific activitity toward palmitoyl-ACP is maximal about 30 dpa while that toward oleoyl-ACP is much less, but nonetheless fairly constant during development. The TAG levels are highest just after the PATE activity, most likely from the incorporation of palmitic acid (and other fatty acids) into storage oil. The relative PATE transcript abundance around 28-30 dpa shown in Figures 5B and 5C coincides well with the PATE activity profile. In other work, endoplasmic reticulum lysophosphatidic acid and diacylglycerol acyltransferase activities exhibited a developmental profile similar to PATE, peaking at the maximum stage of cottonseed oil biosynthesis (Turley and Chapman 1998) . It would seem that mRNA levels and enzyme activity levels are well coordinated for maximal expression during seed development in cotton plants. Consequently, PATE expression represents one potential target for the metabolic engineering of palmitic acid levels in cotton seed.
